I. INTRODUCTION
T HE fascinating properties of photorefractive spatial solitons lead to many possible applications in optical telecommunications. The formation of these solitons is based on the modification of the material's refractive index by incident light. As a direct consequence this local refractive index, change can be exploited especially to guide beams of other wavelengths. In combination with interaction scenarios in large complex configurations of solitons, the waveguiding features are essential for the usage in telecommunication applications.
The basis for analyzing the suitability of optical spatial solitons in photorefractive media is the study of their fundamental properties (for an overview see [1] and [2] ). The mutual interaction of single solitons like Gaussian and also higher order modes has been studied thoroughly [1] . The investigation of the waveguiding features of single waveguides [3] and waveguide couplers [4] based on optical spatial solitons was an important step in order to be able to build all-optical interconnects for application purposes finally. The waveguiding features of single Gaussian mode solitons have been investigated [5] and higher order solitons like vortices have been predicted [6] . Also, more complex structures like arrays of photorefractive solitons [7] , [8] and photorefractive crystals like organic photorefractive glasses or nematic liquid crystals [9] , [10] have been shown to guide light of different wavelengths. Lattices of solitons and more complex photonic structures are even able to exhibit band structures and can be investigated by excitation of Bloch waves (see [11] and [12] and references therein).
Guiding of visible and infrared laser beams using photorefractive solitons as waveguiding channels demonstrate their princi- ple suitability for all-optical data transmission and information processing. By exploiting the parallelism of waveguide arrays, many waveguide channels can be addressed in parallel and transmit information. However, the transmission of information in waveguides is always closely connected to the adequate temporal modulation of the guided beam. Therefore, in order to use spatial optical solitons for information transfer, the transmission characteristics and loss behavior of a spatial soliton waveguide must to be known. Consequently, in this paper we demonstrate successful transmission of amplitude-modulated signals through waveguiding photorefractive solitons in a large array. In this contribution, we demonstrate, to our knowledge for the first time, the successful transmission of high-speed amplitude modulated real data signals through waveguides that are built by photorefractive solitons in large soliton arrays. To achieve this we implemented a setup that is able to modulate, transmit, and demodulate a guided laser beam, using an amplitude modulation technique.
II. EXPERIMENTAL REALIZATION
The experimental realization of a complex configuration of photorefractive solitons used for information transport is based on earlier experiments [7] , [8] . The setup we used here is shown in Fig. 1 . The output beam of a 532-nm frequency-doubled Nd:YAG-laser with an output power of 80 mW is spatially filtered and broadened to a diameter of about 30 mm.
We imprinted the array configuration onto this beam with an amplitude modulator-a liquid crystal diplay (LCD, 640 × 480 pixels) in amplitude mode driven by a computer graphics card. One example of a rectangular array configuration with 9 × 9 single beams is shown in the inset of Fig. 1 . Moreover, the system allows to imprint arbitrary images on the beam, and we therefore had a very flexible tool for generating more or less complex spatial soliton configurations. The spatially modulated beam was then demagnified and imaged onto the front face of the photorefractive cerium-doped strontium-barium-niobate crystal (SBN:Ce) we used. To address the strong photorefractive nonlinearity, the light was extraordinarily polarized in order to use the high photorefractive coefficient along the material's c-axis. A white light background illumination adjusts the dark conductivity of the material to prepare the conditions for soliton generation. With the help of an external electric bias field applied along the c-axis, each of the array beams is able to produce a single solitonic waveguide. The distance of the single beams was chosen suffiently large to avoid interaction between solitons.
Experiments on guiding beams of other wavelength in photorefractive solitons have been shown in [4] , [7] , and [8] , for example. In different soliton array configurations, guiding of unmodulated beams with wavelengths 633 nm and 1.55 µm has already been studied. Using this as starting point we extended our setup to modulate the guided light beams to simulate data transmission in such a system.
The amplitude modulator we used is based on a magnetooptic crystal [yttrium-iron-garnet (YIG) film with Bismut 1 ], which responds with Faraday rotation depending on an external magnetic field. Typical modulation frequencies of this material span up to gigahertz range. Modulation of the external magnetic field was performed using a long copper coil with about 20 turns, which induced a relatively homogeneous field on its inside. The crystal is positioned in the center of the coil to ensure that the magnetic field was perpendicular to the crystal's surface. 2 The coil was placed between polarizing and analyzing polarizers to translate the polarization rotation into amplitude modulation of a passing light beam (see Fig. 2 ). As driver for the coil, we used a music amplifier with a maximum output power of 2 W, which was connected to a sound card output to permit for transmission of computer-generated signals. red laser beam derived from a HeNe-laser at λ = 632 nm with 25 mW output power is amplitude modulated as described and focussed onto one of the beam positions on the front face of the photorefractive crystal to achieve coupling into the corresponding solitary waveguide. The guided and, therefore, transmitted signal was detected using a photodiode that receives only 90% of the light because of the semitransparent mirror in front of the camera, where the remaining 10% is used for the imaging. We measure only the ac part of the current, the dc part is filtered with an electrical transducer behind the electrically amplified photodiode. A second amplifier matches impedance and amplitude of the electrical signal to the input of the computer's analog-to-digital converter.
III. EXPERIMENTAL RESULTS

A. General Characterization
The first step to successfully transmit data with our setup is to generate photorefractive solitons in a suitable configuration for these experiments. A rectangular array of 7 × 7 solitons was chosen for easy addressing of neighboring channels simply by moving the signal beam in horizontal or vertical direction. The array configuration is shown in Fig. 3(a) . Because of the typical distance of the solitons of 80 µm strong interaction between them is avoided such that every beam generates an independent waveguiding channel created with an average light power of about 110 nW. The limiting factor of cross coupling between parallel waveguiding channels does not depend on the temporal dynamics of the signal but on neighboring waveguide distance. Therefore, in this article we investigate parallel beams with sufficiently large distance to avoid cross coupling between channels in accordance to [7] and [13] . The typical diameter of a single soliton is about 25 µm. Nonlinearity is adjusted by an external electric field of 1 kV/cm applied along the c-axis of the crystal. Background illumination, beam power, and external electric field are adjusted in order to allow for stable photorefractive soliton generation.
In agreement with earlier experiments, when large arrays of solitons are produced, the Gaussian shape of the beam illuminating the LCD and inhomogeneities of both the modulator and the crystal have to be considered. While the last two have a negligible influence in our case, the Gaussian light intensity distribution leads to larger time constants to reach stationary state for the solitons at the borders of the array compared with central ones. But because of saturation effect, the same refractive index modulation is induced and, therefore, the same waveguiding properties result. In order to confirm this, we first tested beam and signal transmission in different waveguiding channels successively and observed similar behavior.
To make sure we only receive and analyze the light that is being guided in the chosen photorefractive soliton, we use an iris diaphragm ( 30 µm diameter) placed directly at the output face of the crystal. This simulates a small aperture comparable to a large fiber input or a taper used for further transmission of the beam. Fig. 3 shows pictures of the output face with [ Fig. 3(b) and (c)] and without [ Fig. 3(d)-(f) ] this spatial filter.
The time-resolved experiments have been conducted using different pieces of music as input signal for amplitude modulation. The characteristics of this are typical for present-day digital music systems. We have a frequency range from 20 Hz to 22 kHz (for the one stereo channel that we use) together with a dynamic range of 16 b per sample. This gives a theoretical pulse length (when considering digital data transmission) of about 45 µs and a data rate of 22 kb/s. With our setup we cannot use the whole dynamic range of the original signal, but can easily discriminate and analyze the different features of the system.
B. Signal Transmission Analysis
To investigate the transmitted signal through one of the waveguides in the array, we start recording the modulated light detected by the photodiode when the signal transmission begins. It is digitized by means of the analog-to-digital converter in our computer. Fig. 4(a) shows the amplitude plot of the original piece of music as reference. The transmitted and recorded signal that undergoes several tests to determine the signal-to-noise ratio and some other properties is shown in Fig. 4(b) .
In order to test the quality of the transmission in the spatial soliton, we performed several tests during transmission. The signal quality is determined by two main factors: the modulation depth that needs to be maintained as present in the original signal and the transmission of all frequencies present in the signal. Fig. 4 shows some of the basic investigations related to this. Properties like noise and modulation transfer of the system are considered.
In the beginning, the strong even visible amplitude modulation during the first part (0-20 s) is directly related to the artistic work. The noise level present in the system without signal transmission is primarily determined by the quality of the transmission setup that incorporates some internal and external noise sources. The photorefractive crystal and the solitary waveguides do not create any measurable additional noise. External light sources and power supplies operating in the same frequency range show a much stronger influence on the signal quality. The basic noise level without data transmission is depicted in Fig. 4(b) , for example, at the end starting from 124 to 127 s. From 22 to 25 s, the beam was simply blocked and unblocked again. This was done to be able to differenciate between noise originating from the complete system including modulator and red laser in the first case and from the detection unit in the second case. We found the difference to be negligible. The signal-tonoise ratio of this system is calculated to be 12 dB, which is completely sufficient to study the fundamental features of the investigated system.
A second test here shows several spikes in the amplitude due to repeated blocking of the laser beam and demonstrates signal flanks with maximum amplitude ("cracking noise;" see Fig. 4 , from 37 to 38 s). This gives us information on the dynamic range of the system that is calculated to be about 14.5 dB above the intrinsic noise.
In the right half of Fig. 4(b) , the amplitude plot of the second part of the experiment is depicted. The signal was transmitted through an already prepared solitary waveguide as a part of an array of solitons as before [see Fig. 3(a) ]. To test the waveguiding features and the stability of the waveguide, we start erasing the refractive index modulation by applying a strong white light illumination to the crystal (starting at 60 s). This leads to vanishing of the waveguiding properties and therefore to a broad diffracted Gaussian beam at the crystal output face. Because of the spatial filtering with the small aperture at the crystal output face (shown in Fig. 3 ), the amplitude of the received signal at the detector is reduced to about 50% during the erasure process (completed at 85 s). Now less light passes the filtering hole because of the broadened beam.
In agreement with earlier results [14] , the coupling efficiency for the 632-nm beam in a solitary waveguide amounts to about 25% without any special optimization like beam-to-numerical aperture matching. For the probe beam we have used a lens with 60-mm focus length to achieve a sufficiently small spot on the input face of the crystal, while the working distance is large enough to integrate it into the existing system. The system allows for parallel transmission of multiple beams, in principle limited only by the number of waveguides written. Therefore, the single channel data rate can be multiplied with the number of independent channels. Additionally, possible wavelength multiplexing of signals in the same waveguide has not been investigated experimentally in this work.
The channel cross coupling for modulated signals is already determined by the amount of light exchanged between neighboring channels in the unmodulated case. Therefore, to minimize cross coupling this needs to be controlled. As already discussed in earlier works [14] , interaction strength of solitons depends primarily on distance. Coherence and relative phase govern the actual type of interaction based on the overlapping electric fields of the involved beams. In the studied case of coherent in-phase beams propagating in parallel to form the arrays of solitons for this article, a beam-to-beam distance of 80 µm has been set, which corresponds to about 3-4 beam diameters. This is a compromise between close packing and avoidance of strong attracting forces. Because of the large distance, the tails of the electric field in the overlapping region of neighboring beams have dropped down enough to provide for separate solitary waveguides for every single beam. Along with the anisotropy of the refractive index modulation, the waveguiding channels of gradient index type give rise only to relevant cross coupling for much smaller distances of around 2 beam diameters where substantial interaction is present, as well.
C. Frequency Analysis
The quality of information transport is also governed by the correct transmission of the Fourier components of the signal. To investigate the influence of the guiding on the signal quality, we plotted both the amplitude and the frequency analysis of the analyzed signals in Fig. 5 . For comparison, the amplitude and frequency for a short part of the original signal used to modulate the guided laser beam is shown in Fig. 5(a) .
The recorded signal guided in the waveguide is shown in Fig. 5(b) . This represents the same portion of the piece of music as in Fig. 5(a) and the frequency plot does not show any significant difference. Compared with the Fig. 5(c) , where the recorded signal after waveguide removal is shown, the amplitude of the guided signal Fig. 5(b) is about twice as large. Although the two parts represent two different positions in the transmitted piece of music, the frequency range and the Fourier components are basically the same [right column in Fig. 5(b) and (c) ]. Because the signal-to-noise ratio is different due to the lower signal amplitude with removed waveduide, the components of the noise are strongly present. The larger dynamic range of the original signal (a) is visible in the amlitude plot. It is limited for the transmitted signal in the experiment as a result of the modulation and demodulation losses and the higher noise level.
As a conclusion we can state that guiding in photorefractive soliton waveguides does not show significant influence on the characteristics of dynamically amplitude-modulated signals. The principle suitability of single photorefractive solitons and complex arrays of these solitons for parallel optical data communication is therefore demonstrated.
IV. CONCLUSION
In this paper we have shown successful transmission of dynamically modulated signals through solitary waveguides in photorefractive media. Analog modulation with an audio signal has been applied using a magnetooptical amplitude modulator setup, and standard personal computer sound equipment has been used for analyzing the output. The short transmission distance of about 22-mm waveguide length demonstrates the principle adequacy of spatial photorefractive solitons to act as waveguides for dynamically amplitude-modulated signals in different wavelength regions. The signal-to-noise ratio is sufficiently large to investigate the features of the system. We did not observe significant principle influences on the transmission properties of modulated signals in our system.
Parallel transmission of modulated signals in neighboring solitary waveguides has been demonstrated to be a novel tool for all-optical systems. Steered interaction and fusion [4] in combination with waveguiding in red and infrared wavelength region [8] are the other necessary building blocks needed for integration of all-optical switching devices in telecommunication applications using optical spatial solitons in photorefractive media. As a result all-optical data communication gets more and more a possible application of devices based on photorefractive solitons.
